mental engineering community, due to their central Bacterial nitroreductases have generated much in-role in nitroaromatic bioremediation (1-4), and the terest recently due to their central roles in both nitro-medical community, as agents of antibody-directed enaromatic bioremediation and nitroaromatic toxicity, zyme prodrug therapy (5-12) and mediators of nitroarmutagenicity, and carcinogenicity. Enterobacter clo-omatic toxicity, mutagenicity, and carcinogenicity acae nitroreductase (NR) has been subcloned into the (13) (14) (15) (16) (17)(18)(19). Nitroreductases have historically been classipET overexpression system and purified to homogene-fied based on their sensitivity to dissolved oxygen: Type ity via a four-step procedure resulting in a final yield I nitroreductases catalyze the oxygen-insensitive of 65.7 mg per liter. Overexpression in minimal media NAD(P)H 1 -dependent two-electron stepwise reduction mononucleotide cofactor binds in a hydrophobic envi-NR is reportedly a monomeric 29-kDa protein which ronment and is in the neutral and anionic protonation contains a tightly bound FMN cofactor and has a pI of states in the oxidized and two-electron reduced oxida-4.5 and a temperature optimum for catalytic activity tion states, respectively. NR exhibits a novel visible of 45ЊC (24). These properties make NR an attractive region circular dichroism spectrum which has a small molecule for biophysical investigations. The small size distinct negative band at 366 nm and a large positive and high temperature stability of the enzyme are adellipticity at 454 nm with a shoulder centered at 480 vantageous for NMR investigation, while the spectral
tive indicators of the active site environment of the enzyme.
The spectroscopic and rapid reaction kinetic experiments required to elucidate the mechanism and properties of NR demand large amounts of enzyme. With this in mind, a protocol was developed for the large-scale expression and purification of recombinant NR in both isotopically labeled and unlabeled forms. In addition, a preliminary examination of NR's suitability for study by means of various spectroscopic approaches was performed. Optimization of overexpression conditions. Plasmid Synthetic oligonucleotides were purchased from Inte-pRK1 was transformed into the overexpression strains grated DNA Technologies. During the course of the pu-BL21(DE3) (Novagen, Inc.) and HMS174(DE3) which rification, protein concentration was determined using both contain the T7 polymerase gene on the chromothe modified Lowry assay of Bensadoun (27) with puri-some behind a lac promoter. For expression of unlafied NR, calibrated utilizing the e 280 obtained below, as beled protein, a modified tryptone phosphate (TPP) cula standard. NADH purchased from Sigma was purified ture medium (30) was used, which contained (per liter) by the method of Orr and Blanchard (28) . 2,4-Dinitro-20 g bactotryptone, 15 g yeast extract, 8 g NaCl, 4 g toluene (2,4-DNT) purchased from Aldrich was recrys-Na 2 HPO 4 , 2 g KH 2 PO 4 , 1% glucose, 50 mM riboflavin, tallized from ethanol and used within a week of purifi-and 50 mg r ml 01 kanamycin, pH 7.5. For expression cation. 2,4,6-Trinitrotoluene (TNT) was synthesized of labeled protein, culture media contained (per liter) from 2,4-DNT by the method of Russell et al. (29) and 12 g Na 2 HPO 4 , 6 g KH 2 PO 4 , 0.5 g NaCl, 1 g NH 4 Cl, recrystallized twice from ethanol. Solutions of all sub-2% glucose, 10 mM FeCl 2 , 4 mM MgSO 4 , 100 mM strates were made fresh daily. All other chemicals were CaCl 2 , 50 mg r ml 01 kanamycin, and 1 ml of a micronuof the highest purity available and used without fur-trient solution (31) containing 3 mM (NH 4 inoculated with either pRK1/BL21(DE3) or pRK1/ pCB18, containing the gene for NR, was the generous HMS174(DE3), grown at 37ЊC in 6-liter flasks shaken gift of Dr. Christopher Bryant (Centeon, L.L.C., Kanat 250 rpm, and induced with IPTG at a final concentrakakee, IL). Oligonucleotide primers GCGCGCTCAtion of 1 mM at a series of cell OD 600 's ranging from TCACCAGGAGTTGCCATGGATA and GCGCGCCA-0.5 to 3. Twenty-milliliter samples of each culture were GCGTGCCAGAGGAGCTCA were designed for PCR removed approximately every 30 min for 3 h after inamplification of the NR gene with the underlined silent duction. These samples were spun down; resuspended mutations to introduce an NcoI restriction site at the in 2 ml 100 mM Tris, 0.5% NaCl, 0.5% KCl, pH 7.5; beginning of the PCR product. This product was gel and broken open using a microsonicator (Branson Sonic purified, hydrolyzed at the 3 end with the restriction Power, Inc.); and cell debris was removed by microcenenzyme NcoI, and gel purified once again. The overextrifugation. Supernatants and pellets from each sample pression vector pET 24d(/) (Novagen, Inc.) was hywere analyzed by SDS-PAGE. drolyzed with the restriction enzyme EcoRI, and the resultant 3 overhangs were removed with Klenow
MATERIALS AND METHODS

Miscellaneous
Large-scale overexpression of unlabeled NR. BLfragment. This product was hydrolyzed with the re-21(DE3) cells containing pRK1 were cultured overnight striction enzyme NcoI and gel purified. Plasmid pRK1 in 100 ml Luria-Bertani plus 50 mg/ml kanamycin. This was constructed by ligation of this vector to the treated culture was used to inoculate a 40-liter carboy con-PCR product at 17ЊC for 6 h (see Fig. 1 ). The plasmid taining 30 liters of unlabeled culture medium thermowas transformed into HB101 cells and both strands equilibrated at 37ЊC and vigorously aerated by spargwere sequenced in the region of interest to verify the ing with filtered house air. When the cell OD 600 reached 0.75, IPTG was added to a final concentration of 1 mM presence of the intact NR gene.
to induce NR overexpression. The cells were harvested Enzyme assays. NR activity was determined by measuring the initial rate of NADH oxidation via the 2 h after induction; resuspended in 100 mM Tris, 0.5% NaCl, 0.5% KCl, pH 7.5; collected via centrifugation; decrease in absorbance at 370 nm (e Å 2660 M 01 cm 01 ) using a Hewlett-Packard 8452A spectrophotometer. and frozen at 020ЊC.
All reactions were performed in 1-ml cuvettes with a Overexpression of labeled NR. pRK1-containing 0.4-cm optical path length and the temperature was BL21(DE3) cells were grown overnight in 2 ml Luriamaintained at 25ЊC using thermospacers and a circuBertani plus 50 mg/ml kanamycin. These cells were sublating water bath. Reaction mixtures contained 1.2 mM cultured into 1 liter of the labeled culture medium con-NADH, 2 mM 2,4-DNT, 100 mM Pipes, 50 mM KCl, taining 15 N-NH 4 Cl at 37ЊC in a 6-liter flask shaken at 5% ethanol, pH 7.0, and were thermoequilibrated at 250 rpm. When the cell OD 600 reached 0.75, NR overex-25ЊC for at least 10 min before initiating the reaction pression was induced by the addition of IPTG to a final with a small amount (õ10 ml) of cold enzyme solution. concentration of 1 mM. The cells were harvested 3 h At each step in the purification, background rates of after induction; resuspended in 100 mM Tris, 0.5% NADH oxidase activity were measured under the same NaCl, 0.5% KCl, pH 7.5; collected via centrifugation; assay conditions without 2,4-DNT and subtracted from and frozen at 020ЊC.
the total activities measured with the substrate. One NR purification. The high level of overexpression unit of NR activity is defined as the amount of enzyme allowed a significant simplification of the purification which catalyzes the oxidation of 1 mmol of NADH in 1 protocol of Bryant and DeLuca (22) . Twenty grams of min under these conditions. induced cells was suspended in 100 ml buffer [100 mM
Determination of the extinction coefficient. Purified Tris, 1 mM EDTA, 1 mM b-mercaptoethanol (BME), 1 NR from three separate preparations was dialyzed mM PMSF, 100 mM FMN, pH 7.5] and broken by two against 50 mM KH 2 PO 4 , 50 mM KCl, pH 7.0, and the passes through a French press. The mixture was then A 280 and A 454 were determined. Kjeldhal microanalysis centrifuged at 17,700g for 30 min at 4ЊC. With continu-was performed by Galbraith Labs (Knoxville, TN) to ous stirring at 4ЊC, KCl was added to the clarified cell-determine the nitrogen content of each sample and its free extract (90 ml) to a final concentration of 100 mM, corresponding dialysate. These data and the theoretiand then MnCl 2 was slowly added to a final concentra-cal nitrogen content of NR calculated using the amino tion of 30 mM. The solution was stirred for an addi-acid sequence (24) and cofactor structure 3 were used to tional 30 min and then precipitated nucleic acids were calculate the extinction coefficients at both waveremoved via centrifugation. Ammonium sulfate was lengths. then added to the supernatant (90 ml) with continuous Spectral characterization. For the visible spectra, a stirring at 4ЊC to a final concentration of 30% of saturasolution containing 91.4 mM NR in 100 mM Pipes buffer tion. The solution was stirred for an additional 30 min containing 50 mM KCl, 1 mM BME, 0.2% NaN 3 , pH and then precipitated proteins were removed via cen-7.0, thermoequilibrated at 25ЊC was placed in an anaertrifugation. The 100-ml supernatant was then loaded obic cuvette similar to that described by Dutton (32) at room temperature onto a 30-ml propyl-HIC column and made anaerobic by repeated cycles of evacuation (Synchrom, Inc.) preequilibrated with 40% saturated and flushing with argon. A visible region spectrum was ammonium sulfate, 50 mM NaH 2 PO 4 , 1 mM BME, pH recorded using a Hewlett-Packard 8452A spectropho-7.0. The column was washed with 3 vol preequilibration tometer and then the protein was reduced anearobibuffer and then NR was eluted with a 40 to 0% ammocally with 1.2 two-electron equivalents of dithionite nium sulfate gradient over 33 column volumes. Fracwhich had been standardized previously with FMN. tions containing NR as detected by SDS-PAGE were
The spectrum of the reduction product was recorded collected and dialyzed against 50 ml Tris, 1 mM EDTA, and corrected for dilution and the absorption coeffi-1 mM BME, pH 7.0. The protein was precipitated from cients throughout the visible region were calculated for 350 ml by the addition of 073ЊC acetone to a final conboth redox states of the protein. For the CD spectrum, centration of 70%, allowed to stand at 4ЊC for an addia solution containing 162 mM NR, 100 mM Pipes, 50 tional 1 h, and centrifuged using the same conditions mM KCl, 1 mM BME, 0.2% NaN 3 , pH 7.0, in a 1-cmas above. The supernatant was decanted and the moist path-length cuvette was scanned in a Jasco J-710 CD pellet dried under a gentle stream of nitrogen for 5 min. spectrophotometer thermoequilibrated at 25ЊC with a This pellet was redissolved in 4 ml 50 mM KH 2 PO 4 , 200 circulating water bath. The spectrum shown is the avmM KCl, 1 mM BME, 1 mM FMN, pH 7.0; loaded onto erage of four scans and a background spectrum of the a 1 1 200-cm Sephadex G-100 column preequilibrated same buffer without enzyme has been subtracted. with 50 mM KH 2 PO 4 , 50 mM KCl, 1 mM BME, 0.02% NaN 3 , pH 7.0; and eluted isocratically at 4ЊC. Fractions containing purified NR as confirmed by SDS-PAGE were pooled and stored at 4ЊC.
Stability studies.
strengths, giving a final NR concentration in each sample of 21.3 mM. Enzyme solutions were placed in a 1-mm-path-length quartz cuvette in a Jasco J-710 CD spectrophotometer equipped with a Jasco PTC-348W thermoelectric peltier heating unit and a circulating water bath and heated from 10 to 90ЊC at a rate of 1ЊC/min while simultaneously measuring the ellipticity and absorbance at 222 nm.
NMR spectroscopy.
15
N-labeled NR was dialyzed extensively against 20 mM ammonium formate, 10 mM glucose, 1 mM BME, pH 6.8, and then lyophilized to 708 mM. The 15 N content of the protein was determined based on an isolated peak at 10.02 ppm observed in 1D 1 H spectra obtained both with and without nitrogen media, respectively, with inclusion body formation bedecoupling on a Varian Unity plus 500 spectrometer at coming significant in both cases an hour after the maxi-32ЊC, utilizing presaturation to suppress the solvent mum expression levels were reached. Inclusion body signal. The two-dimensional gradient coherence path-formation was significantly more problematic in miniway selected sensitivity enhanced 1 H-15 N hetero-mal media, which is often the case in pET overexnuclear single quantum coherence (HSQC) spectrum pression systems (30 15 N. A total of 128 t 1 increments of 1600 complex 45% of the NR activity was lost during purification. The data points were collected with eight scans per t 1 infinal yields were 65.7 mg per liter of growth medium crement. The total acquisition time was less than 40 for the unlabeled and 37.6 mg r L 01 for 15 N-labeled min. Two-dimensional spectra were processed using nitroreductase. NmrPipe (34) on a Silicon Graphics O 2 workstation.
The specific activity of NR purified by this procedure The spectral resolution was enhanced by zero filling to is 425 units/mg when assayed as described under Mate-3200 1 256 (F 2 1 F 1 ) points. rials and Methods. A number of components of the originally proposed assay (21) have since been found to
RESULTS AND DISCUSSION
reduce the activities observed. This is discussed in greater detail in a forthcoming manuscript (36) . NR Optimization of overexpression conditions. pRK1 was transformed into both BL21(DE3) and HMS174(DE3), prepared from the current construct using the current protocol was consistently found to have slightly greater both of which are E.coli overexpression strains with different subsets of proteases deleted (35) . Expression activity than that previously reported (21) when the original assay conditions were replicated. levels in both strains were approximately the same, but BL21(DE3) cells grew to an approximately threefold Despite the addition of riboflavin to the growth medium, a significant portion of the soluble NR appears higher cell density than HMS174(DE3) in both rich and minimal media. Expression levels decreased dramati-to be present in the cell as the apoprotein, as evinced by an É70% decrease in measured NR activity when cally if induction was initiated at a cell OD 600 of 1.0 or higher, presumably due to plasmid instability. The cells are broken in the absence of exogenous FMN (data not shown). Flavin loss is also evident after the HIC maximum level of expression of soluble protein was reached 2 and 3 h postinduction for rich and minimal chromatography purification step. The addition of a The low total activity measured after HIC chromatography is ascribed to FMN loss in this step and the subsequent increase can be attributed to reconstitution of NR with exogenous FMN prior to size-exclusion chromatography.
FMN in the buffer used to resolubilize the acetone pre-tase, an enzyme which itself exhibits a low level of nitroreductase activity (39) and is a member of the famcipitate serves both to aid in the resolubilization and to regenerate the holoenzyme.
ily of proteins which display a high degree of homology The purified enzyme is stable for over 6 months in to NR (40) . The optical spectrum of the dithionite-rephosphate buffer at 4ЊC.
duced protein displays only one small peak at 340 nm. Reduced aqueous FMN in its anionic state (pK a Å 6.7) Spectral characterization. Kjeldhal analysis of prodisplays a small absorption band at 342 nm, while the tein from three separate preparations gave e 280 Å 54. 5 neutral molecule contains a small absorption peak cen-{ 3.8 mM tered at 395 nm (41) . Reductive titration of the enzyme and a e 280 /e 454 ratio of 3.80 { 0.09. The optical spectrum solution well past its end point, however, shows that of the oxidized protein displays maxima at 366 and 454 at least some portion of the absorbance at 340 nm is nm with a shoulder centered at 480 nm (see Fig. 3 ), an due to dithionite (data not shown), so while the enzymeindication that the protein-bound flavoquinone is in the bound dihydroflavin is not in a neutral protonation neutral protonation state (37) . Free oxidized neutral state, its identity as an anionic dihydroflavin has not FMN in aqueous solution displays maxima at 445 and been positively determined. 375 nm which have been found to shift bathochromiThe visible CD spectrum is a sensitive indicator of cally and lumichromically, respectively, in nonpolar solvents (38) ; thus, the shifts observed in NR are indic-the microscopic environment of the flavin (42-44). ative of a nonpolar binding environment. The 8-nm red Upon examination of 27 published visible CD spectra shift and the appearance of a shoulder on the higher of flavoproteins, those with conserved active sites and wavelength absorption band are similar to those ob-mechanisms show strikingly similar spectra. The visiserved for Vibrio harveyi NAD(P)H-flavin oxidoreduc-ble CD spectra of flavoproteins in general, however, vary widely. The circular dichroism spectrum of NR (see Fig. 4 ) exhibits a small distinct negative band at 366 nm and a large positive ellipticity at 454 nm with a shoulder centered at 480 nm. To our knowledge, this spectrum is dissimilar from that of any other flavoprotein published thus far. This unique spectral signature suggests that NR belongs to a new class of flavoprotein reductases. To date, none of the other enzymes in the NAD(P)H-flavin oxidoreductase family (23) have been examined in this manner.
Stability studies. To determine the optimum conditions for NMR studies, a series of melting curves under a variety of solvent conditions were performed. Dilute solutions of the enzyme in a variety of buffers were heated slowly while the ellipticity and absorbance were   FIG. 3 . UV-VIS spectra of oxidized (-) and reduced (---) NR. Enrecorded at 222 nm, the wavelength diagnostic for zyme was reduced anearobically with 1.2 equivalents of dithionite alpha helical secondary structure (45) . Figure 5 depicts as described under Materials and Methods. Both spectra were ob-a typical melting profile in which the negative elliptained in 100 mM Pipes buffer containing 50 mM KCl, 1 mM BME, ticity at 222 nm decreases in magnitude as the enzyme and 0.2% NaN 3 at 25ЊC on an HP 8452 diode array spectrophotometer.
begins to unfold. NR displays maximal stability at pH FIG. 4 . Visible CD spectrum of NR. The spectrum was obtained in 100 mM Pipes buffer containing 50 mM KCl, 1 mM BME, and 0.2% NaN 3 at 25ЊC on a Jasco J-710 CD spectrophotometer. The CD spectrum is expressed as the molar ellipticity, deg r M Additionally, stability was found to decrease as the ionic strength increased above 25 mM KCl. With the exception of pH 9.0 borate buffer, NR precipitated irreversibly under all solvent conditions investigated. This amide proton region (see Fig. 6 ), with one substantial is manifested by a rapid increase in the absorbance due region of spectral overlap, a property not unexpected to light scattering followed by a decrease in absorbance in an HSQC spectrum of a protein this size. Either 3D as the precipitate falls to the bottom of the cuvette (see methods or amino-acid-specific isotopic labeling can be Fig. 5 ). The small amount of residual ellipticity after used to resolve resonances in this area. Free aqueous NR precipitation is presumably due to the intrinsic el-FMN has one nitrogen-bound proton with an 15 N chemlipticity of released FMN at this wavelength (46). Un-ical shift of 160.5 ppm, which has been shown to change der the optimal conditions (25 mM KH 2 PO 4 , 50 mM relatively little upon binding to a wide range of proteins KCl, pH 7.5), NR displays a T M of 54ЊC and precipita- (47) . However, HSQC spectra exhibit no nitrogention is 50% complete at 61ЊC. bound protons with 15 N chemical shifts between 140 and 180 ppm (data not shown). This is presumably the NMR spectroscopy. 15 N decoupling indicates that the enzyme is ú99 atom % isotopically labeled (data not shown).
CONCLUSIONS
NR has been overexpressed and purified with yields more than adequate for investigation via biophysical methodologies. Visible spectra suggest that the noncovalently bound FMN cofactor is in the neutral and anionic protonation states in the oxidized and two-electron reduced states, respectively, and binds in a hydrophobic environment. The distinctive visible CD spectrum suggests that NR is an example of a new class 
